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FHOTOCATALYST, METHOD OF PRODUCINQ THE PH0T0G ATA LYST^ AND 
PHOTOGATALYTIC REACTION IMIETHGD 



(57) A titanium oxide photqcatalyst having metal 
Ions of Dii© or more metals teeorpprafed therein 
selected from the group oonsisiing of Cr f V, Gu, Fe, Mg } 
Ag, Pd, Ni, Mn and Pt, whereiii the metal ions are 
implants from the $u rfass to deep inside of the bulk of 
the photocatalyst in an amount of ai: least 1k10 1s ions 
per g of the titanium oxide; a process for producing the 
photocatalyst; and a photocatalytid reaction method 
using the photocatatysi 
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Description 
TECHMICAl FIELD 

The present invention pert^ns to photoc&taiysts 
which can exhibit catalytic activity even upon irradiation 
with visible light, a process for producing thephotocata* 
iysts, and photocatalytic reactions methods, the 
decomposition reason of nitrogen oxides and the 
isomerteaiion reaction of bulenes under light in the 
wavelength regions of not only ultraviolet but also visi- 
ble. Specially, the photocataiysls comprise titanium 
oxide catalysts into which specif ic ffiet^i Sons are incor- 
porated by an ion implantation method, i,e„ the implan- 
tation of the titanium oxfele ca!aiy$ts with metal tons 
aeceJ erated by high vol tag a. 

BACKGROUND ART 

Photocatalytic reactions uaing the titanium oxide 
catalyst have been the focus of our research as an enyi- 
mnmenta|f y#iendly and safe means of converting light 
energy Into useful chemical energy at Of dtoary tship^r- 
atures without generating any poflutarrte, Inves&gattons 
Into the application of such photscatalygs for reactions 
that mn decontaminate and detoxify the erwirbnmeni 
have been one of the most signif icant objectives, In par- 
ticular, investigations .Into partide sfee reduction to form 
utrafine particles as well as the addition of melals such 
as Pt, Ag, or Ni into the titanium oxide catalyst have 
enhanced the efficiency of the f eaotions. Furthermore, 
parallel investigations on the adsorption of a dye onto 
titanium oxide catalysts have been carried out to 
explore the posstasily of th© use of visible light {about 
400 nm-SDQ nm). 

However; until now, photocatalyaG reactions in prior 
art phoiocataSysts could proceed only when the r eaction 
systems were irradiated with yitraviotet light in wave^ 
length regions shorter than about 3BQ ^m r but could not 
proceed constantly in the visible region having long 
wavelengths. Examples of photocatelytic reactions 
using prior art titanium oxide {DhotaGatalysts inciude a 
decomposition reaction of nitrogen oxides and an 
isomenzatipn reaction of butenes. However these pho- 
tooataiytic reactions proceed efficfer^ the 
reaction systems are irractiated v^th ultravtol^l Ifght, 

Titaniurrroxife use of 

visible light and make use of only about 5% of sofar 
beams that reach the earth, necessitating the use of an 
liitraviol at light source such as a mercury lamp. 

DISOLQSUBE OF THE IN VENTION 

An objective of the present inversion is to provide 
titanium oxide photocatalysts tiial ha 
to thereby shift their photoabsorpiion bands from dtr a- 
yfctet to viable light regies, hence enabling them to 
operate efficiently as photocatalysts even under visible 



light irradiation, Fuftherriiorf, another objectfve of the 
present inventfon is to provide various phdiocalalytie 
reactions such as a deqompt^it^ of nitrogen 

oxides and an i^merizafion reaction of but enss by i rra- 

B dialing the photocaialysts with ultraviolet to visible light 
in the presence of nitrogen oxides, butenes and the like. 

Tftese ctolectlves of the present Invention have 
been a^mpiished fey a titanium oxide photocatalyst 
having metal ions of one or more metafs Incorpamted 

to therein selected from the group consisting of Gr P V, Cu, 
Fe P 1% Ag, Pd, Ni f Mn and Pi, wherein the metal ions 
are i rhplarited from the surface to deep inside of the bulk 
of the photocatalyst in an amount of at least 1x1 Q 1 5 ions 
per g of the titanium oxMb* 

is Furthermbf these objectives of the present inven- 
tion have been accomplished by a process for produc- 
ing a pftotocataly^ which eoftiprises accelerating metal 
lorn of one or more metals selected from the group con- 
sisting of Ct y V, GU; Fe F Mg, Ag, Pd, Ni, Mn and Fttaan 

so energy level of at least 30 keV and imp&ntlng the accel- 
erated metal ions into a titanium oxida 

Moreover, these objectives of the present invention 
have been a photocatalytio reaction method, which 
comprises irradiating light in the wavelength regions 

ss from ultravroiei to visible on the titanium oxide photocat- 
alyst 

BRIEF DESCRIPTION OP THE DRAWINGS 

w Fig, 1 $how$ absorption spectra in the ultraviolet 
and visible light regions of the phoiocataiysts of the 
present invention. 

Fig. 2 shows Absorption spectra in the ufir&vtelet 
and visible Sight regions of the photocataiysts of tie 
ss presefrtinyentlQn, 

Fig. 3 shows absorption spectra in tie uftiaviolet 
and visible light regions of the photocataiysts of the 
present invention, 

Fig, 4 shows absorption spectm in the atmvidet 
40 and visible light regi ons of the photocataiysts of the 
present Invention- 
Fig. 5 shows absorption spectra In the ultraviolet 
and visible light regions of the photocaialyste of the 
present invention, 
45 Fig, 6 shows reaction time profiles showing the 
yields of the photocatajytic isomerfeation of butene to 
produce 1 -butene and f fans-2-butene on the photocata- 
iysts of the present invention. 

Rg. 7 shows reaction time profiles showing the 
m yields of the photocatalyiic decomposition of nitrogen 
monoxide into % Q 2 and N^O on the phbtocataiyts of 
the pr^eni indention. 

Rg, 8 shows reaction fime profiles showing the 
yields of the photocatalytic isornerizatton of butene to 
55 produce 1-birtenea^ 
jystof the pres ent invention. 

Fig, 9 shc^s reaction time profiles showing the 
yields of the phoioeatslytic decomposition of nitrogen 
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monoxide into N 2 and NgO on the phQtoaata!y$ts of the 
present indention, 

8 EST MODE FOR FRACTICI WG THE INVENTION 

5 

intensive studies were conducted over a long 
period of time in Mer to solve tlie sabove-descnbad 
problems- Recently, Ion implantation techniques tor 
doping had been used in the field oisamicondiJGtQrs, 
and we focused our attention on the possibility of apply- to 
jng this adva nced i sehniqy s for th e mod H i cation of th e 
electronic states of photocat#ysts, i&« the implanting of 
meial ions into various catalytic materials. Subsequent 
Investigations using titanium oxide catalysts were car- 
ried out to observe and monitor tha ©ffMs of the vari« is 
otis im^ahted metal ions on the photccatalytie 
properties of the ealalysts. Surprisingly; it was discov- 
ered that tec^rporating specific metal tons into the tita- 
nium oxide catalysts allowed the catalyst to &bsori> light 
not only fa the ultraviolet region but also in the visible 
light regions of about nm where light absorp- 

tion by titanium oxide photocataJysts had* until now, 
been regarded as impossible, Furthermore, irradiation 
of the metal ion-implanted titanium OKide catalysts by 
viible light enabled various reactions such as the 2$ 
dewmposjlion reaction of nitrogen oxide and the 
t^menzation reaction of butene at norma! tempera* 
tures. The present Invention has been based on the 
observations and findings of these extensive aforemen- 
tioned investig ation$< m 

The photoeaf&lysts used In the present invention 
emprises titanium oxide catalysts having speaf ife metal 
■ions incorporated thereia 

The metal ions incorporated Into the Itanium oxide 
are metal ions of at ieast one metal ^elected from the m 
group consisting of ^ Fe. Mg, Ag* Fd, Ni, Mn 
arid Ft, preferably Br, V, Fe v Ni anriMx and mora pref- 
erably Cr and \£ Although the metal ions ar§ not partic- 
ularly Smiled m Ihetr charge nuritser, the ions in an 
accel erated state prior to implantation have a vatac e of # 
one in most cases. After implantation, the metal ions 
present in the catalyst have valences of from one to f iye> 

Aiso, metal fens of one type of m^ai as well as in 
combination with another or other metals can be used 

The metal ions are incorporated into the trtani urn 
oxide catalysts in an amount of at least 1x1 0 1 - ions per 
g of the t ilanium oxide, and the wit refers to the number 
of metal ions per g of tHfc titarlium oxide. 

it was found that when the number of m^al Ions so 
falls below 1x10 1 5 per g of the titanium oxide, the tita- 
nium oxide catalyst loses its ability to absorb light in the 
visible light region and hence, no longer ab la to func- 
tion as a phctocataiyst 

Although there is no specific upper limit on the 55 
amount of metal ions Incorporated into the titanium 
oxide catalyst, the number preferably does not exceed 
Ix i Q 21 ions per g of the titanium oxide because there 



pre pases in which phcftocatalytic reactivity cannot be 
obtained. 

The most effective amount of metal ions incorpo- 
rated into the titanium oxide catalyst is in the range of 
1x1 0 16 to 5x1Q 1s Ions per g of the titanium oxide and 
more preferably IxtG^ ^ 5x1Q 17 ions per g of the tita- 
nium oxide, although these numbers may vary depend- 
ing on the kind of metal ion used. 

Although the metal ions incorporated Into the 
hium oxide catalyst may be present on the surface of 
tlie catalyst bulk, most of the metal ions are preferably 
present within the bulk of the titanium oxide catalyst 
Specifically* at feast 90%, more preferably at least 95%, 
and most preferably at least 99% of the metal ions are 
present within the bul k of the titanium oxide catalyst; 

Hie metal ions incorporated into the bulk of the tita- 
nium oxide are preferably irrplanted within a depth of 
1000 A from the surface, and preferably wrthi n a depth 
of 300 A from the surface, Furthermore, the metal ions 
incorporated into the titanium oxide should be uniformly 
dispersal within the bulk of the catalyst. 

Examples of the titahium oxide as the bulk include 
XiOg and SrTjQ^ 

Tlie crystal iprm of the titanium oxide is not limited 
arid can take any form such as anaiase, rutiie, or any 
other crystal form. 

Also, although the photocatalyst of the present 
invention comprises a titanium oxide catalyst into which 
specif ic ampunts of various metal Ions have been incor- 
porated on the surface andfer masnly within the bulk of 
the catalyst, other phoiocatalysts may also be used In 
combination with the present photocatalyst while other 
materials can also be used in combination wftb the tita- 
nium oxida 

The photocatalysfe of the present invenfch may 
take ahy form such as powder, granules, pellets, or film, 
and is prefembly pc^vder 

Furthermore, for the powdered photocatalyst, the 
average particle diameter is ndt limited but can be from 
1 to 1,000 nm ( preferably from 1 to 500 nm, and most 
preferably from 5 to 50 nm. 

The photocatalyst of the present invention may be 
used as prepared or mixed with a binder to form & mix- 
ture that can be applied as a film as weiras mipported 
on any substance or materia sue h as paper. 

The present invention provides a phGtocafalyst 
which 1$ produced by implanting a titanium oxide cata- 
lyst with the metal ions of one or more m^afs selected 
from the group consisting of Cr, V, Cu, Fe, Mg, Ag. Pd, 
M, Mn and Pt by high voltage acceleration of at least 30 
ketf 

The energy voltage of the accelerated metal ton 
implantation should be at I east 30 keV, more preferably 
from S9 to 400 'key, and most preferably from 100 to £00 
keV. Such a high energy voltage not only disperses the 
metal ions within the bulk of the catalyst more uniformly, 
but also prevents tie destructive modification of the cat- 
alysts by the metal ions. 
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The amount of metal ions Implanted varies depend- 
ing on the kind of metal ions used, however, the number 
shom be from t»JQ** to 1k1O 10 rons/cm 2 and most 
preferably from 1*10 16 to IxlQ 17 ions/cm 2 . The unit 
refers to the amount of metal ions impianted per cm 3 of 
the implanted area. 

The method for doping impurities ifi the field of 
semiconduclGrs was allied to implant metal ions to 
prepuce ^ present invention. 

The procedure in which rneta! ions accelerated by high 
energy voltage are implanted into the semiconducting 
c&lafysi modifies the electronic sM© of the catalyst The 
ion-impiantation method is also used to modify the sur- 
face properties of metal materials such m steel > 

The titanium oxide used as She phoiocatafyst of the 
present invention may take any form or structure without 
any particular limitations, al though the p owdef ad form is 
prefemble. 

There ere no particular Imitations on the particle 
diameter of the oxide used m powder form, however, a 
particle diameter from 1 to 10QG nm cm be used, 
although a diameter of 1 to SQQ nm is preferable; and 1 
to 50 nm is most preler^fle, 

The photocatal ysts of the present i nventfon are able 
to absorb light not only in the ultraviolet regions, but also 
in the visibie Jjght j egfons f about 400 to 800 nm), where 
light absorption by titanium oxide photocatalysts had 
ungi now been reg^tled: as impossible, Thi^ Inventioji 
allows the photocataJysts deveioped to carry out eff I- 
cient photocatal yifc reac feis und ar irradiation with both 
ultraviolet and visibfe Sight 

Furthermore, the light used for these photocaialyifo 
reaolions can be from ultrayiplet to visibte> but can a!so 
be uitraviolet alone as wait as anty visible. The reaction 
systems may also be irradiated with light of a specif tc 
selected wavelength in the ultraviolet to visile regions. 
As long flight from the ultraviolet to viable light region 
is irradiated, Sight in other wavelength regions such as 
far ultraviolet or infrared light may be present. 

The most desirable wavelength tor photooatalytic 
reactions to take place with the phofocai&iysts of the 
present invention is from 250 to S09 nm. 

the irradiation intensity of the ultra^olet to visible 
light used to initjate photocataiytlo reactions with the 
photocatalysts of the present invention is not limited and 
may be seSeeted to suit the specific photaoatalytfc reac- 
tion. 

The amount of the phc^ocataiysts of the present 
invention that can be used to initiate reactions is not lim- 
ited and may be varied to suit the specif ic photooatafytfc 
reaction system. However, an amount of 0,01 to 10,000 
g permol of the raw materiai is sufficient 

Exarrples of photocatalytio reactions of the present 
invent io n include th e decomposition t eacfcion of nitrogen 
oxides In which ^ 

diating the photdcatalyst with ultraviolet to visibie light in 
the presence of nitrogen maes as wel as the isomeric 
saltan reaction of butanes in which the isomerization Is 



oarrSed out by jrrBdi^ing the photocatalyst with utoavid* 
ieifovfeit^ 

isomefizaSon of cfe-2-butene into l*butene and cis-2- 
fouten e into trans-2-butene, 

5 Other examples of photocataiyfcic reactions of the 
preset invention include the phottmtalyttc isomeriza- 
tion of alkenes other than the above isbmerizatton of 
bulenes^ the photocatatytie hydfbganation and/or 
hydrogenolysis of alkenes and aikynes to produce 

to ethane and ^ water, the 

photocatsiytib oxidation of aicoho! to produce aSdehydes 
and ketones from a-pr^anoi, the photooaialytk; pro- 
duction of secondary ananas from primary amines, the 
photocatalytic synthesis of amino acids, i.e, ( theprodug^ 

is tion of glycine and/or alanine from methane, water, and 
ammonia, as w$ll as photocat^lytic gas^shift and 
reverse gas-shift reactions such as: 

CO * HgO 4-4 tt* 1 GOg 

20 

As a clean and inexhaustible source of energy, the 
conversion and storage of solar light are also vital in the 
reduction and fixation pif . epib^i ::.€Sc»4d0 --ysSliii 
obtain useful organic compounds. Specifically, such 

25 photocatalytic reactions include synthesis reactions of 
methane, methanol and for makiehyd a which all use car- 
ban dioxkfe and water as starting materials. Also, the 
visible light-induced photodecomposition of water Into 
hydrogen and oxygen can be considered as an ideal 

m example of the effective utilization of solar energy in 
which the starting materials are themselves limittess 
and Inexpensive, enable energy storage and are nbn~ 
hasa^ous to the environment 

The photocatal ytic properties of the photpcafelyst 

$$ of the pras ant invenion can be applied for a nu mber of 
purposes. 

For example, to^te nitrogen oxides discharged from 
feciories ^nd vehicles which have been found to be 
extremely HarnAji to humans and th e environment and 

4Q which are the direot c^jse of smog and acid rain can be 
effectively decomposed and removed by allying the 
phqtoGatalysts of the present irwenfton to such reaction 
systems, ^edficaliy; the photocatalysts can be applied 
to ouyde v^lis or mjxed w^^^ used in 

m surface paint for roads or motor vehicl ss, or on window 
glass, and the like to decompose nitrogen o^des into 
harmless nitre^en and <^ygen with sunlightor any other 
light source such as an elaotric iamp post 

The phofocatalysts of the present invention can 

m also be applied affectively to purify water by decompos- 
ing toxic substances such as trihatometh&nes present in 
an a£$ueQu§ environment. 

PMocataJytic reactions in which the phot ocaiaiysts 
of the present invention are appHsd can be carried out 

m at ordinary temperatures and the reaction temperatures 
are not limited. However the reactions can usually be 
conducted at temperatures of from 0 to 2Q0^G. 

ASthough the ^jecif ic mechanisms behind the php- 
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tocatalytic reactions initiated by the phGtocatafysts of 
tN§ pres^nti nraiiion are yet unclear, because the incor- 
poration of metal ions into the photocaiaiysfs by osn* 
yentionaS Impregnation, cGprecipUatidri, and alkoxide 
techniques were not siiccessfui in producing titanium 
oxide photocataJysfs abJe to absorb vis We fight and 
exhibit photdcat^pfe reactivKy under visible light irradi- 
ation, it can be said that these effects are attributed to 
the uniformly and highly dispersed slate of the metal 
ions incorporated irfe the titanium oxide photocatalyst 
by the high energy £on4roplantation method of the 
present invention, ftonely, the incorporation of metal 
Jons in such a highly and uniformly dispersed state by 
high energy impiantatlon modifies the electronic proper- 
ties of the phatocata?yst, enabfog the absorption ctf vis- 
ible light, irradiation with vyb^e lighl causes thetitanium 
oxid b ph Gtocataiyst to absorb li ght and to gen erate el ec- 
trons and holes. The electrons m^ 
present on the surface of the phptooataiyst where the 
catalytic function tit the metal enables the redaction 
reaction to proceed, while the holes initiate an efficient 
oxidation reaction on the itanlum oxide developed in 
this invention. 

Since the photocatatyst of fee present invention 
absorbs iight in the visible region, where light absolution 
by titanium oxide photon regarded as 

impossible, as well as in the ultraviolet region, various 
photocatalytic reasons can be accelerated by irradiia- 
ffen with uftraviol at to visible Sight m the presence of th e 
photocatalyst qf the present mvenSton, 

The photocatalyst the process for producing the 
photocalalysts, and the catalytic reaction methods of 
the present invention are of great ^gnificance, 

©camples and Comparative examples have been 
provided to explain the details of me present invention. 
However, the present invention should not be construed 
as behg limited to the Examples presented. 

In Examptes, analysis of the incprpomtion of the 
metal Jons into the titaniom oxide as well as the actual 
state of --the implanted ions was carried out by three- 
dimensional SIMS (secondary-ton mass spectroscopy) 
and XP8 (X^ray photoelactron spectrqscGpy). 

EXAMPLE 1 

V ions accelerated to 150 feeV by a 200 keV ion 
implantation device used in the doping of impurities into 
semiconductors were implanted into a titanium oxide 
photocatalyst Degussa AG) having an average 
particle diameter of 21 nm in a dose of 7.5x1Q lS 
ions/cm^ 

The dispersion state of the V Ions incorporated into 
the titanium oxide phqtc^alalysit was examined by 
three^imensipnal SIMS and XPS techniques, At least 
99% of the V ions incorporated were found to be uni- 
formly dispersed f rom the surface of the titanium oxide 
to a depth of 200 A from the surface in an amount of 
?.Sx10 16 ions/g-TiOg, 



The piraviQlet to visible light absorption spectrum 
ofthephotaos^ 

pqrated with V ions was determined as a function of the 
amount of V ipns implanted The absorption spectrum 
s obtained is shown in Fig, 1. 

EXAMPLE 2 

A photocatalyst comprisjng a titanium oscide 
io implanted wvith V ions was pirepar^dl in accordance with 
procedures described in Example 1 , und er the following 
conditions: 

Acceleration energy ; 1 50 keV 
is V ion implantation: 15**0** iohsfcm 2 

Hie dispersion state of the V ions incorporated into 
the titanium oxide phatpqatfaiyst was examined by 
three-dimensional SMS and XPS measurements. At 
20 least 99% of the V ibhs were feu nd to exist in a uniformly 
dispersed state from the surface to a depth of 200 A in 
an amount of 1.5xiQ 1 ^ ionsyg-TiQg, 

Tfre ultraviolet to visible light absorption spectrum 

25 porated wfth V ions was determined. The absorption 
spectrum oblai n ed is sh own m Fig. i , 

EXAMPLE 3 

so A titanium oxide photocatalyst incorporated with V 
ions was prepared in accordance with procedures in 
Example 1 , under the following conditions: 

Acceleration energy; 150 keV 
55 V Ion implahtation: 3,0xlQ 16 

Tfce dispersion state of the V ionsimplanted into the 
tiianium oxide photocatalyst by ion irnplaniatSon was 
examined by three-dimensional SIMS and XPS itivesti- 
40 gaiive techniques. At least 09% of the V ions were found 
to exist in a uniformSy dispersed stete from the surface 
to a depth of 800 A in an amount of 3.0x1 Q 1 7 ipns/g* 

m& 

The ultraviolet to visible light absorption spectrum 
45 of the photocatalyst compr ising the titanium oxide inmr- 
poraiad with V Ipns wes determined. The absorption 
spectrum obtained is shown in Fig, t, 

QGMPfflMI VE EXAMPLE 1 

m 

The ultraviolet to visible light absorption spectrum 
of the titanium oxide Degussa AQJ was deter- 
mined as in Example 1, the absorption spectrum 
obtained is shown jn Fig. %. 
0 Fig, t shows that the unimplanted titanium oxide 
has a bandgap at about 380 nm s is capable of absorbing 
tight only inth^ nm or *ess 

and cannot absorb light in the vistye light region, 
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whereas the Itanium oxid e incorporated with V ions by 
ion implantation shows the oapa^ty to absorb light in 
iM vis ibl s light region of 400 nm or more. 

EXAMPLE 4 

A 200 keV ion implantation device used in the dop- 
ing of impurities into semiconductors was applied for the 
acceteralfoh and implantation of Cr ions into a tftanjgfti 
oxide {F-25, Degussa AG) having an average partkte 
diameter of 21 nm at ISO N# and in a dose of 1 x1 Q 15 
ions/cm 2 . 

The dispersion state of the Cr ions incorporated 
into thai titanium oxide phoiocatalyst was analysed by 
tbree^imensionaf SiMS and XPS measuremsnt& At 
least 99% of the Gr ions were found to exist in a uni- 
formly dispersed state ten the surface to a depth of 
200 A from the surface in an amount of ixio 17 ions/g- 



The uftravioje! to visible light absorption spectrum 
pftbephoto^^ 

porateci with Gr ions was determinedas a function of the 
amount of Cr tons Incorporate The afosorp&n spec- 
trum obtained is shown in Fig, 2, 

EXAMPLES 

A titanium ox$e phofoc^alyst implanted with Cr 
Ions was prepared in the same manner as described in 
Example 4, under the following conditions: 



Acceleration energy: 
Cr ion impSa^atfori^ 



150 keV 

1.5x10 15 ions/cm 2 



The diapers ion state of the Cr tons incorporated 
into the titanium oxide photoeataiyst by ion implantation 
was examined by !hreeHdimensiona] SIMS and XPS 
measurements. At least 89% of the Gr iom wer e found 
to exist in a uniformly dispersed state from \M surface 
to a depth of 200 A from the surface in an amount of 
1.Sx10 17 ions/g^TiQ E . 

The ultraviolet to visible light absorption spectrum 
of !he photocataiyst compHsing the titanium oxide mmt- 
porated with Cr ions was determined. The absorption 
spectrum obtained is shown in Fig. 2, 



investigate 
e&istma^ 

depth of 200 A from the surface in an amount of 

a The uftravfolet to visible light ateorption spectrum 
of the photooatalysi comprising the titanium oxide incor- 
porated with Of ions was determined. The absorption 
spectrum obtained is shown in Fig, 2. 

Fig, 2 shows that, as with the results of Compara- 

to live Example % the untmpJantad titanium oxide sample 
has a bandgap value of about 380 nm, is capable of 
absorbing; light only in the ultraviolet regions of about 
400 nm or less, and cannot absorb light in the visible 
light region, whereas the 

ts porated wfth Cr ions by ion implantation are able to 
absott? light in the visible light region of 400 nm or more. 
These results clearly demonstrate that Ihe titanium 
oxkie phpiocataiysts incorporated w^th specific metal 
ions showed the capacity to absorb visibie light not only 

20 with ultraviolet but also viable light irradiation which had 
been regarded as inpossible for titanium oxkle photo- 
catalysts until t he present Invention. 

EXAMPLE? 

25 

Fe Ions accelerated to 150 keV by a 200 keV ion 
implantation device used In the doping of impurities Into 
semiconductors were implanfed into a titanium oxide 
photoGatalyst (P-85, Qegussa AO} having an average 
diameter of 21 nm, in a dose of 7,5xt0 15 
lons&m^. 

The dispersion stale of the Fe ions incorpoiBted 
tnto the titanium Ofxide photooatalyst was examined by 
thfee-dimensiona! SIMS and XPS techniques. At least 
m 99% of the Fe km$ incorftorMM were found to be uni- 
formly dispersed from the surface of the titanium oxide 
to a depth of 200 A in an amount of 7.5x1a 16 vomfg- 

m EXAMPLES 

A photooataiyst comprising a titanium oxide 
implanted with Fe ions was prepared in the same man- 
ner as described in Example 7, under the Mlowmg con* 
45 ditions: 



EXAMPLES 

A titanium oxide photocataiyst implanted with Cr 
ions was prepared In the same manner as described in so 
Example 4 t under the following; conditions' 

Acceleration energy : ISO keV 

Gr ion implantation : 12x1 0 1 6 tons/cm 2 

55 

The diversion state of the Cr ions incorporated 
into the titanium oxide photoc^lyst by in^lantetion 
was examined by three^mensionat SIMS and XPS 



Acceleration energy: 1 50 fceV 

Fe ibn impiantatioh: 1. 5x1 0 1 6 ions/em 2 

The dispersion state of the Fe ions tneorporated 
into the titanium oxide photocatalyst was examined by 
three-dimensional SIMS and XPS investigative tech- 
niques, At leas! 99% of the Fe ions were found to exist 
in a uniformly dispersed state from the surface of the 
titanium oxide to a depth of 200 A in ah amount of 
1;5x10 17 ions/g^TiC^. 
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EXAMPLE Q 

A titanium oxide photoeatalyst Incorporated with Fe 
ions was prepared irt the ^rhe manner as described in 
Example 7, under the foi lowing candiliom: 

Acceier^fon energy: ISO keV 

Fe ion implahtatfon: a^O^IO^Ions^m 2 

The dispersion state of the Fe ions incorporated 
into the titanium oxide photccatalyst by ion implantation 
was examined by tliree-dirnefisjonal SMS and XPS 
investigations. At least 99% of the Fa ions were found to 
exist in a uniformly dispaf sad state from the surface of 
the titanium oxide to a depth of 200 A In an amount of 
3.0^10 17 ions/g-TiO^ 

EXAMPLE 10 

Fe ions accelerated to 150 keV by a 200 keV ion 
implantation device usad in the doping of impurities into 
semiconductors were trnpj anted into a titanium oxide 
phofocatalyst {P-2S, Degussa A£3j having an average 
particle diameter of 21 nrn in a dose of 2.2*1Q 1S 
ions/cm^ 

the dispersion state of the Fa ions tarporated 
into the titanium o*ide photocaialyst was examined by 
three-dimensional SlftSS and XPS investigations. At 
least 99% of the Fa iom incorporated ware found to 
exist in a un ifor mly disp ersed state from the su (face of 
the iitartkim oxide to a deptti of 2m A from the surfac e 
in an amount of 2.2x1 0 1 ^ ions^-TiOg^ 

The yitev felei to visible lig^t absorption spec&um 
of the pfiotoeatalyst comprisi n g the titanium oxide Incor- 
porated with Fe ions was determined as a f unction of 
the amount of Fe ions implanted, the absoiptJon spec* 
trum obtained i$ shown in Fig- % 

EXAMPLE 11 

A phcriQcafaiysi 
porated with Fe Ions by ion implantation was prepared 
in the same manner as ^scribed in Example 1D ( under 
the following conditions: 

Acceleration energy: 1 50 KeV 

Felon implanta^oh: B,6x10 15 ions/cm 2 

The disparsfon state of the Fe ions incorporated 
into the titanium oxide photooatafyst examined by 
three-dimensional §MS and XPS invest^ationa At 
least $9% of the Fe Ions were found to exist In a uni- 
formly disperse state from the surface of the titanium 
oxide to a depth of 200 A sn an amount of &6x1Q 1$ 
fons/g-Ti% 

The oHraviolet to visible tight absorption ^)eetrum 
of the photocataiysl comprising the titanium oxide incor- 
porated with Fa ions was determined The absorption 



^eotrum obtained Is shown in Fig, 3> 
EXAMPLE 12 

5 A photocatalyst comprising a titanium oxide 
implanted with Fe ions was prepared h the same man- 
ner as described in Example 10, under the Mowing 
conditions: 

to Acceleraiiort energy; 150 keV 

Fe ion implantation: 1 .3x1 G 1S ions/cm 2 

TThe dispersion state of the fe ions incorporated 
into the titanium o>tt 

fs was examined by three-dlmensionai SIMS and XPS 
investigations. At least 99% of the Fe ions were found to 
exist In a uniformly dispersed state from the surface of 
the titanium oxide to a depth of 200 A in an amount of 
1,3x1 0 17 1ohs/g41Q2- 

20 Trie ultraviolet to visible light absorption spectrum 
of the photocatalyst comprising the titanium oxide incor- 
porated with Fe ions was determined. The absorption 
spectrum obtained is sh own in Fig. 3< 

Fig. 3 shows that the unirnplanted titanium oxide 

25 has a bandgap of about 380 nm js capable of absorbing 
light only in the ultraviolet region of about 4G0 nm or 
less, and cannot absorb light in the visible region, 
whereas the titanium oxide incorporated with Fe lons by 
Ion implantetion shows the capacity to absorb light in 

EXAMPLE 13 

Ni ions aGpeierated to 150 keV by a 200 keV ion 
35 implantation device used in the doping of inpu^ities into 
semiconductors, were implanted into a titanium oxide 
photoGatalyst (P--25, Degussa AG) having an average 
particle diameter of 21 nm in a dose of 2.3x1 o 15 
ipns/cm 2 , 

40 The diversion state of the Ni bnsincorpomted into 
the feniurn Oxide photocataiyst was examined by 
three-dimensional SMS and XPS measurements. At 
least 99% of the Mi ions implanted were found to exist in 
a uniformly dispersed state from the surface at the tita- 
ns niumo*^ 
ions/g-TiQ^ 

The ultravfolet to visible light absorption spectrum 
qf the pftotocataryst comprising the t itanium oxide incor- 
porated with M ions was deter mined as a i u nctton of the 
so amount of Ni ions irnpJanted. the absorption spectrum 
obtained Is shown in Fig. 4. 

EXAMPLE 14 

55 A titanium oxide photocataiyst implanted with Ni 
ions was prepared in accordance witfi procedures 
described in Example 1|, under the following expert 
mentation conditions: 
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feceter aton energy: 1 SO ka-V 

Ni km implantation: fcfl&i G 1 5 ion&fcm 2 

The diversion state of the Nuons incorporated into 
the titariium oxide phofooataiyst was examined by 
ihreeHdimen^onal 8IMS and XP8 investigations; At 
least 99% of the Ni ions were found to exist In a uni- 
fofoify dispersed state from the surface of the titanium 
oxide to a depth of 290 A in an amount of S;8x10 1$ 

The uftravfolet to visible light absorption spectrum 
of the photocaialyst comprising the titanium oxtde incor- 
porated with Ni ions was determined. The absolution 
spectrum obtained is shown in Fig, 4, 

EXAMPLE I S 

A tffaniwi oxide phqtocatalyfet {rrplanted with Ni 
Ions was prepared in accordance with procedures 
described in Example -4, under the following conditions: 

Acceleration energy; 150 tee\/ 

Ni ion tmpiarttation : 1 .3x1 0 1 6 ions/em 2 

The dispersion stats of th © Ni ions incorporated into 
the titanium oxide photocatalyst was examined by 
threa-dimensional SIMS and XPS measurements. At 
least 99% of the Ni ions were found fo exist in a uni- 
formly dispersed state fforn the surface of the t^ium 
oxide to a depth of 300 A in an amount of 1,3x1 G 1 7 
ions/g-TiO^. 

The ultraviolet to visible light absorption spectrum 
of the photocatalyst comprising the titanium oxide incof- 
porated with Ni ions was determined, The absorption 
spectrum obtained is shown in Fig, 4* 

Fig;. 4 shows that as with the resute of Compara- 
tive Example 1, the unimpianted^ oxide lias a 
handgap of about 3S0 nm, is capabl e of absorbing light 
only in the ultraviolet region of about 400 nm or less, 
and oannqt abseil light in the visible region, whereas 
the titanium oxide in^rporat^ with Ni ions by ion 
implantation is able to absoit) light in the visitSe light 
region of 400 nm or more. These resuiis ofearJy demon- 
strate that the titanium oxide photomtalysts incorpo- 
rated with specific metal ions showed the capacity to 
absorb visible light not o n iy with ultraviolet but also visi- 
ble light irradiation which had been regarded as impos- 
sible for tftaftium oxide photocatalysts until the present 
invention, 

EXAMPLE16 

Mn ions accelerated to 150 keV by a 200 KeV ion 
implantation device used for the doping of inpyriitjes 
into semiconductors, were implanted into a titanium 
oxide photooatalyst (P-25, Degussa AG) having an 
average partiote diameter of 21 mh $ dose of 1 xtQ 1 s 
ions/em^ 



The dispersion state of the Mn ions ineofporated 
into the titenium oxide was examined by three-di men- 
sfonai SIMS and XPS measurements At least 93% of 
SheMn km implanted were found to exist in a uniformly 
b dispersed state from the surface of the f iiani u m mkte to 
a depth of 200 A in an amount of 1 x i 0 1 6 fons^TiC^ > 

Hie ultraviolet to vtsibfe light ateorption spectrum 
of the photocatalystoomprisingthe titan* urn oxide incor- 
plated wi^ Mn ions was determined as a function of 
to the amouniof Mn ipns implanted. The absorption spec- 
trum obtained )$ shown in 5. 

EXAMPLE 17 

15 A tHanium oxide photocatalyst implanted with Mn 
ions was prepared in the sama manner as described in 
Exampie 16< under the following conditions: 

Acceleration energy; 1 50 keV 
20 Mn ion implantation: 3x1 o 1 5 ions/cm 2 

The dtspersion state of the Mn ions incorporated 
into the titanium oxide was examined by threenlmen- 
sional SIMS and XPS investigations. At least 99% of the 
25 Mn ions were found to exist in a uniformly dispersed 
state from the surface of the titanium oxide to a depth of 
200 A in an amount of 3*1 0 ^ iGns/g-Ti0 2 , 

The ultraviolet to visible light absorption spectrum 
of the phoiocatalyst comprising the titanium oxide incor- 
$o porated with Mn ions was determined. The absorption 
spectrum obtained is shown in Fig, 5. 

Fig. 5 shows that as with the results of Compara- 
tive Example ! the unirnplanted titanium oxide has a 
bandgap of about 380 nm, is capable of absorbing light 
3$ only in the ultraviolet region of about 400 nm or tess, 
and cannot absorb light in the visible region, whereas 
the titanium oxide incorporated with Mn ions by ion 
implantation is able to absorb light in the visibSe light 
region of 400 nm or more. These results ciear ly demon- 
ic strate that the titanium oxide photocatalysts incorpo- 
rated with specific metal ions showed the capacity to 
absorb visible light not only with ultraviolet but also visi- 
ble light irradiation which had been regarded as impos- 
sible for titanium oxide photocatalysts until the present 
45 inyention, 

EXAMPLE IS 

Isomerisation Reaction of Butene 

50 

gSti mg of a titanium oxide photocatalyst inpianted 
with Cr Ions in accordance with the procedures 
descr ibed in Example 4 was spread onto the f lat bottom 
of a 50 ml Pyrex glass container, 
bs After pretreatment of the catalyst in vacuum, the 
reaciant moiecuies, cis-E^utene was introduced onto 
the catalyst at a pressure of 20 Torr; The photocatalytic 
isomerlsation reaction was carried put by irradiation of 
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the catalyst by visibte light having wavelengths of 4§0 
nm or less which yver© : c^ontric^iei^ : Ifesr .^blicKr fH^r* and a 
mercury lamp having a light intensity of 2,000 fiW/cm 5 
at room temperature in the presence of cis-2rbuten0. 
Und er visible light Irradiation, reaction product samples 
were collected at defined time intervals and the product 
molecuies, 1 -butene and trans^-butene as well as their 
yields were analyzed by gas chromatography, Fig. 8 
shows t&e results, 

COMPARAtfVE EXAMPLE 2 

The isomerisation reaction of cis^butene was car- 
ried out in aococlanc^ with procedure described in 
Example IB, except that In place of the titanium oxide 
photocatalyst implanted with Cr tons/ the unimplanted 
titanium oxide used in Compamtive EKample 1 was 
employed and the combined results are shown in Fig, 6. 

M dearly seen in Fig. 6, ur^er irradiation with visi- 
ble light in the wavelength regions of about 450 nm or 
more, the capacity to initiate an isotnef izatton reason 
was negligibte for the unimpJanted titanium oxide sam- 
ple. However* with the titanium oxide developed in this 
invention m which Cr km are incorporated by ion 
li^pEantatlQri t th© phptoisom^izatJori reaction of cis-2- 
bufene into i-butene and trans-2-batene proceeded 
efficiently even at room temperature under y isible I ight 
In^diatlon. 

EXAMPLE 

Decomposition Reastio n of Nitrogen Monoxide (NO) 

250 mg of a titanium oxide photpcaiaiyst im^aniecl 
with CJr ions which had been prepared in accordance 
with the procedures described in Example 4 was Intro- 
dyoed into a /eaction cell made of py rex glass, 

After pretrealment in vacuum, NO molecules were 
introduced onto the catalyst at a pressure of 20 Ion. 
The photocataiytic decomposion of these NO mole- 
cules was carried Out by \ rradlation of the catalyst with 
visible ligftt having wave! engths 450 nm or less which 
were control led by caior filters and a mercury lamp hav- 
ing a light intensity of 2 ( G0O jiWfcn# at room tempera- 
ture in \m presence of NO motecyles. Under visible 
light irradiation, sampies of the reaction products were 
collected at defined time Medals and the product mol- 
ecules, 1% O a , and N 2 Q, as weli as their yields mm 
analyzed by gas chromatography It was found that the 
yields of ftfe 0 5 , and hJ 2 0 in creasy while the amount of 
NO molecules decreased linearly with the visibte light 
irradiation time. Fig. 7 shows the resuits, 

CGMPAftATIVE EXAMPLE 3 

The decomposition of nitrogen monoxide was car- 
ried out in accordance with the procedures dascnbed in 
Exampie 19, e^c^ that in place of the titanium oxide 



photocatalyst implanted with Of ions, the unimplanted 
titanium oxide used in Comparative Example 1 was 
employed The combined results are shown in Fig. 7, 
As can be seen in Fig, 7 $ under Irradiation withvisi- 

$ bie light In the wavel ength regions of abbot 450 n m or 
more, the decomposition reaction of nitrogen monoxide 
could no! proceed with the ummptanied titanium oxide. 
However, with the titanium oxide developed in this 
invention in which Or ions are incorporated intothepho* 

to fooataiyst by ion implantation, the decorhposltion of 
nitrogen monoxide proceeded effteiently wen at room 
tempenature and under visible light irmdiatidn. 

EXAMPLE 20 

is 

IsomerizatiGn Reaction of Butene 

£30 mg of a Itanium oxide pho^ocatatyst implanted 
with V ions in accordance with the procedures 

go described in Example 4 was spread onto a f lat bottom of 
a SO ml Pyrex glass container. 

After pretreatment of the catalyst in vacuum, the 
reactant molecuies, eis-S-butene was introduced onto 
the catalys! at a pressure of £0 Torr. The phcftocatalytSc 

25 fsomerization reaction was carried out by irradiation of 
the catalyst by visibte light having wavelengths 4SD nm 
or less which were controiied by color f ilters and a mer- 
cery lamp having a light intensity of 2 ( QQ0 \xWtem 2 at 
room temperature in the presence of as-2^fcutene. 

m Under visible light irradiation, sampi es of the reaction 
products were collected at defined time intervals and 
the product molecuies, 1-butene and trans-2*butene as 
welt as their yields were analyzed by gas chromatogra- 
pfty; Fig, 8 shows the results. 

35 

COMPARATIVE EXAMPLE 4 

The isomerteaiion reaction of ois-S-bulene was car- 
ried out in accordance with procedures described in 

w Example 20 , except that in place of the titanium oxide 
photocatalyst impianted with ¥ ions, the unimplanted 
titanium oxkie used in Comparative Example 1 was 
employed and the combined results are shown in Fig. 8, 
As can be clearly seen in Fig, B s under irradiation 

45 with vtsible light in the wavelength regions of about 450 
nm or more, the isamerization reaction couid not pro- 
ceed for the unimpfented titanium oxide catalyst How- 
ever, with the Itanium oxide photocatalyst developed in 
ttiis invention in which V ions are i rtcorporated onto the 

so catalyst, the photoisomerization reaction of cis~2- 
butene info 1*butene and trans-2-butene proceeded 
efficiently even at room temperature and under visible 
fight irradiation. 
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EXAMPLE 21 

Decomposition Reaction ^ NSrogen Monoxide 

2SQ mg of a titanium oxide photocatalyst Implanted 
with V ions prepared in accordance with the procedures 
described in Example 1 was Introduce into a ruction 
cell made of pyrex glass. 

After pretreatment in vacuum, NO moledptes ware 
introduced on^ th^ oatalysi at a pressure o! BO Ibrr 
The phoioeat&lytic decomposition of NO molecules was 
carried out by irradiation of ihe sataly^t by visible light 
having wavelengths 4§£) nm or less which were control- 
led by cotor fiers and a mercury Samp having a light 
irtensity of 2,000 ^Njm^ at room temperature in the 
presence of NO molecules. Under visible light t nata- 
tion, samples of the reaction products were cdlSedted at 
defined time intervais and fie product molecule^ N# 
and NgO, as well as their yields were analyzed by gas 
chromatography. II was found that the amount of NO 
mofecules decreased linearly with visible light irradia- 
tion time. Fig. 9 shows the resufe 

INDUSTRIAL AFFLICAPABIUTf 

Since the photqcaialyst at the present invention 
absoifes tight in the visible region^ where lighiabsorptiont 
by titanium oxide phofocatalyst has been regarded as 
impossible, as we! as in the ultr^vioiet regfon, various 
pholocatalytre reaetions can be accelerated by irradia- 
tion with ultmviol et to viable light in the presence of the 
photocalaiyst of the pres ent invent ion. 

The photocaiaiysta the process for producing the 
photocatalysts, and the catapc reaction methods of 
the present Invention are of great significance, 

Claims 

1 « A titanium oxide photoeatajyst having metal ions of 
one or more metajs incorporated therein selected 
from the group consisting of Cr, V f Cu, Fe> Mg, Ag» 
Pd, HI Mn and Pi wherein the metai ions are 
implanted from the surface to deep inside of the 
mm t>f the photocataiyst In an amount of at least 
1 0 15 ions per g of the titanium Oxide. 

2. The photocataiyst as claimed in CSaim 1, wherein 
the metal ions are of one or more metals selected 
from the group consisting of C& V, Fe, Mi and MnL 

3. The photocatalysts as claimed ih Claim 1 ( wherein 
the titanium oxide is selected from the group con- 
listing of Ti0 2 and SrTi0 3 , 

4. The photocatal ysts as claimed in Claim i ( wherein 
the metal ions are present lnthe^tanium oxide from 
the surface to a depth of 1 r 000 A, 



S. A process for producing a photocataiyst, which 
oonrprbes accelerating metal ions of one or more 
mdals sainted from the group consisting of Cr, V, 
Gu, Fe, Mg< Ag, Pd> Ni, Mn and Pt to an energy 
$ l evel of a t least 3 D ke¥ and iropl antin g th e acceler- 
ated metal ions into a titani um oxide, 

The process as claimed in Claim 5, wherein the 
meta! tons are of one or more metals selected from 
w th@ group consisting of Gr ( V, Fe t Ni and Mm 

TiOg and SrTi0 3 , 

m 

& The process as claimed in Claim 5. wherein the 
metal ions are implanted into the titanium oxide cat- 
alyst from the surface to a depth of 1 ,000 A, 

so 9* The process as ciaimed in Claim 5, wherein the 
metal ions are implanted into the titanium oxide cat- 
alyst in a dose of from 1 x10 14 to 1 x 10** ions/cm^ 

i fit A photocataiytjc reaction method, which comprises 
m irradiating light Snthe wave* ength regions f rom ultra- 
violet to visible on a titanium wMb photocataiyst 
having metal fons of one or mora metals incorpo- 
f ated th erem selected from the group consi sting of 
Cr 8 V, Cu. Fe, Mg, Ag, Fd, Ni, Mn and Ft, wherein 
ap the metal ions are implanted from the surface to 
deep inside of the bulk of the photocataiyst; in an 
amount of at least 1x10 15 ions per g of the titanium 
oxide, 

m 11. The mefeod as claimed in Claim 10, wherein light in 
the wav^l^igth regions from uitravio! et to visible is 
irradiated on the titoium oxide photocataiyst In the 
presence of nitrogen oxides to decompose the 
nitrogen oxides. 

w 

12. The method as claimed; in Cl aim 10, wherein fight in 
the wavelength regions from yJtravlolet to visible is 
irrad iated on the titani um oxide photocataiyst i n the 
presence of butanes to isqmerizeihe buten^s, 

45 

13. Tire method as claimed in Ciasm 10, wherein the 
metal ions are of one or more metals selected from 
the group consisting of Cr, V, Fe, Ni and Mn. 

sa 14 The method ^ claimed in Claim 10, wherein the 
titanium oxide fe selected from the group consisting 
of TiOa and SrTi0 3 . 

1& The method as ciaimed in Claim to, wherein the 
m metal ions are present in the titanium oxtd^ 
ratalysiirpm the surface fo a depth of 1 ,000 A, 
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